The understanding of glass alteration is a biogeochemical, industrial, societal (radioactive waste confinement), and cultural heritage issue. Studies have been mainly performed in aqueous conditions. However, glass reactivity under hydraulically unsaturated conditions may be more important than previously recognized. In this context, we evaluate here the role of the alteration layer formed on medieval stained-glass windows on the ongoing alteration in unsaturated conditions. H 2 O adsorption isotherms were measured to study the relation between the vapor sorption and the relative humidity inside the alteration layer. From it, the average pore radius was calculated, yielding a water vapor diffusion coefficient of 7.8 × 10 -7 m² s -1 inside the pore network. Experiments using doped water vapor (D 2 18 O) confirm the vapor transport up to the alteration front via fractures and pore network. They also demonstrate that the alteration mainly progresses via an interdiffusion mechanism. The calculated interdiffusion coefficients at 20°C are 3.6 × 10 -20 m 2 s -1 at 70% RH and 4.9 × 10 -20 m 2 s -1 at 90% RH, which is similar to the values measured on model stained-glass samples altered in short durations (1-4 years). Therefore, this study highlights that, given its morphology, the alteration layer is not protective against vapor transport and interdiffusion.
INTRODUCTION
Alteration of glass in aqueous media has been extensively studied in various contexts such as the geological storage of vitrified radioactive wastes, the contribution of basaltic glass dissolution to biogeochemical cycles, or the conservation of historical artifacts (e.g., [1] [2] [3] [4] and references therein). Water is the main agent in glass degradation. This alteration induces the formation of an amorphous layer, mainly composed of Si and insoluble elements (e.g., Al, Zr), and of secondary phases. The formation of the amorphous layer (or gel layer) is still an open debate, as it can be explained by several mechanisms. In the first case, the gel layer is thought to be formed by hydration, interdiffusion, and hydrolysis/ condensation reactions. [5] [6] [7] Interdiffusion consists of an ion exchange between the glass-modifier cations (e.g., K + , Na + , and Ca
2+
) and hydrogenated species in solution (H + , H 2 O, or H 3 O + ). 6, 7 It leads to the formation of a hydrated and dealkalinized layer that can be reorganized by local hydrolysis / condensation reactions. 2, 8, 9 In the second case, an interfacial dissolutionprecipitation process is proposed to explain the gel formation, notably on nuclear glass. [10] [11] [12] More consensually, the secondary phases are formed by the precipitation of dissolved elements of the glass and/or elements of the environment. These mechanisms are similar in saturated (liquid water) and unsaturated media (water vapor), but their relative contribution is different. In the unsaturated medium, hydration and interdiffusion are considered to be major glass-alteration mechanisms. [13] [14] [15] Many studies have focused on the formation of the glassalteration layer and its protective or passivating (hampering further alteration) character, in particular, for nuclear glasses, since highly radioactive wastes are vitrified and intended to be buried in geological storage. [15] [16] [17] Some of these works have highlighted a progressive pore closure and a change in the pore solution that decreases species diffusion within the alteration layer, and thus the alteration rate. 8, [18] [19] [20] [21] [22] [23] [24] [25] [26] This pore clogging is explained by the reorganization of the altered layer by hydrolysis and condensation of silicon. 8 These results are deduced from the experiments of tracer circulation (dye or 29 Si) using time-of-flight/secondary-ion mass spectroscopy (ToF-SIMS) 18, 26 or from the measurement of the specific surface areas by small-angle X-ray scattering (SAXS) 18, 21 and by gas adsorption. 18 Monte Carlo simulations are in agreement with the experimental results. [20] [21] [22] 26 However, these experiments are mainly performed in a continuous aqueous medium. Recent studies carried out on nuclear glass in the presence of water vapor have highlighted the significant impact of vapor on glass alteration with substantial hydration depth and secondary phases precipitation. 13, 15, [27] [28] [29] Nevertheless, it seems that there is no study assessing the role of the altered layer under these conditions. This question has also to be addressed in the case of stained-glass windows that are submitted to alternating saturated and unsaturated conditions for several centuries. The medieval Si-K-Ca glasses generally present high degradation states and thick altered layers. [30] [31] [32] Their alteration layers are often very heterogeneous (in composition and structure 31, 33, 34 ) and fractured due to the wetting/drying cycles conditions. 33, 35, 36 The crack network includes cracks parallel to the surface that are generally filled with secondary phases (sulfates or carbonates) and unfilled perpendicular ones, so that water circulation can still occur within the altered layer up to the pristine glass interface. 35 Moreover, the exfoliation or detachment of altered glass scales can expose new surfaces to the atmosphere. 35 In this way, in contrast to the nuclear glasses, the influence of the pore closure over time on the alteration rate drop is expected to be low. Thus, the aim of the study is to trace water vapor circulation (using doped water in D 2 18 O) within the alteration layer of ancient stained-glass windows (already altered during 650 years) in order to assess its role and to investigate the progress of alteration to measure the long-term kinetics in unsaturated conditions.
RESULTS AND DISCUSSION
Two types of medieval stained-glass windows (14th century) named OU2 and EV1 were studied. These samples are not pristine: OU2 displays an alteration layer in the form of pits whose radius ranges between 50 and 200 μm. EV1 presents a continuous layer on its entire surface, of about 100 μm thick (see Supplementary material S1).
Before exposing these medieval glasses to doped water vapor at different relative humidity values (RH), the first step was to assess the relationship between the adsorbed water vapor content and the RH. For that, gravimetric measurements were carried out on the OU2 sample (which does not contain hygroscopic secondary phases) to obtain a moisture sorption isotherm at 25°C , corresponding to the H 2 O adsorption inside the pore network of the alteration layer (Fig. 1) . The isotherm presents a strong hysteresis between the adsorption and desorption curves, generally associated with mesoporous material (pore diameter between 2 and 50 nm, from the IUPAC nomenclature 37 ). This hysteresis corresponds to a delay in vaporization, highlighting water condensation into the liquid state within the pore network at high RH. In order to build the isotherm curve, it was necessary that the weight gain reaches a stability (of the adsorption) for each RH value. The time to reach this equilibrium between the alteration layer and the fixed atmosphere depends on the surface available for adsorption and on RH. The lower the RH, the faster the equilibrium time (see Supplementary material S2). From there, at RH values of <35%, it is considered that only one monolayer of water molecules is adsorbed on the material, and at higher RH values, the number of layers of water molecules increases with RH 38 ( Fig. 1) . A second series of gravimetric measurements of H 2 O adsorption was carried out to specifically study the range between 5 and 35% RH. Using the Brunauer, Emmett, and Teller (BET) theory 39 (Supplementary material Eq. S3-A to E and Fig. S3-A) , it was possible to roughly calculate the specific surface area of the altered layer corresponding to the open porosity accessible by water vapor of 100 ± 40 m² g −1 , by assuming an average density of the alteration layer of 2.2 ± 0.5 (see ref. 40 ) and an average alteration pit thickness of 100 ± 30 μm. Cailleteau et al. 18 have found a specific surface of 84 ± 4 m² g -1 after 39 days of leaching in aqueous media (63 ± 3 m² g -1 after 125 days) associated with the total porosity (open and closed) by using small-angle X-ray scattering (SAXS), which is relatively close to the result of this present study.
By assuming that the altered layer contains micropores and mesopores, similar to what has been documented from previous studies on nuclear glasses, 8, 18, 25 and from the shape of the isotherm, it is expected that at high RH, the water vapor condenses inside the pore network (according to the Kelvin's law, supplementary material Eq. S3-I and Fig. S3-B) . Therefore, the weight gain at the highest RH value corresponds to the weight of liquid water in the pore volume, which then can be used to calculate an average pore radius of 2.0 ± 0.2 nm and an open porosity of 21% (Supplementary material Eq. S3-F). This pore size is in agreement with other recent studies concerning the alteration of nuclear glasses in aqueous media (between 1 and 40 nm for nuclear glass, as a function of glass composition 8, 18, 25, 40 ) and less than 10 nm for ancient potash-lime silica glasses buried for several centuries. 41 The Knudsen factor (K n ; supplementary material Eq. S3-G) can be calculated from the knowledge of the previously estimated pore radius. K n corresponds to the ratio of the mean free path for gas over the pore diameter size range (Supplementary material Eq. S3-G and S3-H). This factor can be used to distinguish between molecular diffusion (intramolecular collisions and Brownian motion), Knudsen diffusion (D K ; Eq. 1) (describing molecule/pore wall collisions), and an intermediate transitional regime. 42 If K n is greater than 1, diffusion of vapor is mainly due to molecule/wall interactions and therefore is in the Knudsen diffusion regime. 43 For water vapor circulation inside the pores whose average radius is 2 nm, K n »1. The calculated Knudsen diffusion coefficient 42, 44, 45 of the water vapor inside the altered layer is equal to 7.8 × 10 -7 m 2 s -1 (Eq. 1). From Fick's law (Eq. 2) and assuming an alteration layer thickness e of 230 μm (the maximum value for OU2 pits radius 44 ), the water vapor reaches the alteration front in 53 ms. This diffusion rate indicates that water vapor circulation is slowed (by 2 orders of magnitude) by the presence of the pore network, since the water vapor diffusion in the air is 2.82 × 10 -5 m² s -1 (25°C).
With D k , the Knudsen diffusion (in m² s ), Rp, the pore radius (in m), T, the temperature (in K), R, the ideal gas constant (in J mol
, and M i , the molar mass of the gas species (in kg mol -1 ).
With e, the alteration layer thickness (in m), D, the diffusion coefficient (in m 2 s -1 ), and t, the time (in s). The vapor circulation from the external surface to the alteration front is confirmed by the isotopic tracing experiment (using D 2 18 O), and the corresponding mapping of D and 18 O distribution are carried out by NanoSIMS. All the enrichment values are Fig. 1 Isotherm of H 2 O adsorption/desorption determined by gravimetric measurements on one OU2 sample. Below 35% RH, the silica surface contains only the silanols/hydroxyls and the monolayer of water molecules adsorbed. Above 35% RH, the thickness of adsorbed water multilayers increases, 39 and the condensation occurs in the pore network at a RH value depending on the pore size expressed in enrichment factors (f(D) and f( 18 O)), with respect to natural abundances for more convenience:
EV1 and OU2 samples were exposed for 1 day at 90% RH and 20°C under doped water vapor (D 2 18 O). The isotopic distribution inside the alteration layer reveals the presence and the homogeneity of the isotopic enrichments, from the external surface to the pristine glass interface (Table 1) . No diffusion gradient is observable. Nevertheless, even if the water vapor reaches the alteration front rapidly (in agreement with the vapor diffusion coefficient determined previously), no sign of an alteration progress, which would correspond to the local enrichments at the altered/pristine glass interface, was detected in this short exposure time. The medieval glasses that were exposed for 2 months at 25, 40, and 90% RH (20°C) under the doped vapor also presented homogeneous isotopic enrichments of D and 18 O throughout the altered layers. The enrichments values are higher than for the 1 day of exposure and linearly increases as a function of RH between 25 and 90% RH, whatever the isotope D or 18 O ( Fig.  2a ; Table 1 ). Furthermore, the isotopic enrichments of 18 O are similar for OU2 and EV1 samples at 25 and 90% RH, despite the different morphologies of their alteration layer ( Fig. 2a ; Table 1 ). The same observations can be done for samples exposed for 14 months ( Fig. 2b ; Table 1 ). The evolution of the isotopic enrichments as a function of time is not linear and tends toward a plateau or at least a decrease in the enrichment sorption, and seems to stabilize for 18 O from 2 months of exposure (Fig. 2b ). These enrichments measured using NanoSIMS inside the alteration layers result from a sequence of different processes: (1) a sorption process where water vapor molecules are physically adsorbed at the surface of the altered layer due to Van Der Waals forces, (2) Processes (1) and (3) are described by the sorption isotherm curve (Fig. 1 ). Process (2) occurs at the surface of the pore network. Indeed, this latter is mainly composed of silanols Si-OH (as Al and Fe contents are low, see the glass compositions in the Supplementary material S1). A monolayer of adsorbed water is strongly bonded to the hydroxyl group (Si-OH---H 2 O) and is always present, even at very low RH or under vacuum. 38 The higher the RH, the higher is the accumulation of water molecules layers adsorbed above this monolayer, 39 which increases the species available for isotopic exchange. Therefore, the exchange of H and O isotopes between Si- 16 OH and the monolayer of the adsorbed D 2 18 O can explain the influence of RH on the level of the enrichment (and the linear increase observed on Fig. 1a) . In order to study these isotopic exchange processes between vapor and silica surface (processes (2) and (4) in the sequence), three OU2 samples have been exposed for 2 weeks to D 2 18 O vapor at 90% RH (20°C) and then were submitted to three different posttreatments. The average isotopic enrichments inside the entire alteration layer have been measured using ToF-SIMS. The first sample, setting as a reference, was stored in the desiccator after isotopic exposure and displayed D and 18 O enrichments ( Table 2 ). The second sample was heated after the doped vapor exposure for 2 h at 190°C. Compared to the reference sample, the heated sample showed a depletion of D enrichment by 20% and only 2.5% of 18 O enrichment (Table. 2). Considering that the heating of the sample at this temperature leads to desorption of all the free and adsorbed water on the silica surface, 38 even the monolayer strongly bonded to the hydroxyls (Si-OH---H 2 O), which leaves only silanols Si-OH, this means that 20% of the D enrichment corresponds to the monolayer of water molecules absorbed at the pore surface and 80% takes part in the silanol/hydroxyl groups. This confirms that H atoms of the hydroxyls were exchanged with D atoms of the water vapor. Concerning oxygen, 18 O enrichment has decreased by 2.5% after heating, which indicates that very few 18 O was contained in the adsorbed monolayer of water molecules and the majority of 18 O had been exchanged within the hydroxyl groups. Therefore, there is a difference in the isotopic exchange affinity between both the isotopes. The third sample was exposed, after doped vapor exposure, to 100% RH for 2 weeks with H 2 O water vapor (at 20°C) to see if the isotopic exchanges are reversible or not. The depletion is of 13 and 10% for D and 18 O enrichments, respectively (Table 2 ). This indicates that a new exposure at very high RH and the certainly at liquid-state water (pore condensation at 100% RH) induced a new isotopic exchange at a relatively similar rate for both isotopes in these conditions. However, the depletion is weak, which shows that the exchange rate is slow. This is confirmed at lower RH during storage (in a desiccator at 14% RH, desorption process (4) in the sequence) by two analyses of the sample OU2 altered for 2 months at 90% RH at 1 year of interval (S1 and S2 series, Table 1 ). The 18 O enrichment of S2 has decreased by 11% and the D enrichment by 14%, compared to S1 (Table 1 ). For OU2 sample altered for 1 day at 90% RH, the D enrichment is lower by 13% after 1 year (Table 1) . Thus, the losses after 1 year of storage are similar for D and 18 O, and this inverse isotopic exchange is much slower than at very high RH (100% RH). This can be explained by the fact that at 14% RH, very few water molecules are adsorbed and are available for an isotopic exchange, whereas at 100% RH, liquid water condensation in the pores is expected (Fig. S3-B in the supplementary material) , accelerating the exchange processes.
The progress of alteration during the experiment is initiated by the high content of adsorbed water in the pore network at high Average values are calculated from "n" different analyzed zones (whose surface area is 20 × 20 μm²) carried out from the surface to the pristine glass interface on one sample. S1 and S2 correspond to the two series of analyses performed on the same sample at 1 year of interval
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RH, and by eventual capillary condensation expected to occur at lower RH than 100% in the pore network (from about 60% RH for 2 nm pores, according to the Kelvin's law, supplementary material Eq. S3-I). This is confirmed by the observation of interfaces showing strong local D enrichments for several samples at high RH: 2 months at 90% RH, 2.75 months at 70% RH, and 14 months at 90% RH. The interfacial enrichments are only observed for D (Fig. 3c, f) and not for 18 O (Fig. 3a, d ). The local D enrichments are located at all the interfaces with pristine glass, at the glassalteration front (Fig. 3f) , as well as at the interface of 'islets' of lowaltered glass within the altered layer of OU2 (Fig. 3c) . These isolated islets, surrounded by the alteration layer, are caused by the previous tree-like progress of the alteration. NanoSIMS mappings indicate that the small islets are entirely enriched in D, 'disappearing' under the enrichment, whereas the largest ones keep a core not enriched in D (Fig. 3c) . These observations highlight a progress of alteration by an interdiffusion mechanism involving only or mainly the hydrogen isotopes, since local enrichment in 18 O is not observable. The absence of 18 O enriched rims reveals that, at this stage, there is no interdiffusion of D 2 18 O water molecules, and no hydrolysis/condensation (or precipitation) reactions is occurring at the interface with the pristine glass. Moreover, some very local spots are extremely enriched with a D enrichment factor up to 150 (e.g., red zones on Fig. 3c, f) . The observation of the same areas using SEM (in Back-Scattered Electron mode, BSE) after the experiment indicates that these extremely enriched zones correspond to the modified glass areas (Supplementary material S4) . Indeed, visually, the morphology evolves from that of the pristine glass, fairly clear and uniform, to a progressively darker zone (on SEM images), similar to hydrated or altered glass (Supplementary material S4). These darker areas have low intensity, which indicates the replacement of glass elements by lighter elements (from water) and possibly the development of porosity, therefore the evolution of the hydrated glass. However, these spots do not display 18 O enrichment, highlighting that in these zones there is no hydrolysis/condensation reactions yet. Indeed, if local hydrolysis/condensation reactions or interfacial dissolution/precipitation have occurred, 18 O would be included in the newly formed siloxane bonds, as it is observed and proposed by Geisler et al. 10 In this study, the preliminary step in the formation of the alteration layer (that occurred during the experiment only in unsaturated conditions) seems to be only interdiffusion.
In order to determine the thickness of D + interdiffusion inside the pristine glass, image processing was carried out to superimpose the SEM images and the associated NanoSIMS mapping (Fig. 4d-h ). The enriched layer thicknesses are variable and sometimes correspond to an accumulation of D at the interface, but also to the interdiffusion in the pristine glass. The superimposition allowed both contributions to be differentiated. The average interdiffusion thickness is about 0.6 μm for the sample exposed 2.75 months at 70% RH (Fig. 4d-f ) and about 1.5 μm for the sample exposed 14 months at 90% RH (Fig. 4g, h ). By knowing this deuterium diffusion thickness (e) and the alteration time (t), and by applying the Fick's law (Eq. 2), the interdiffusion coefficient corresponding to the ion exchange can be deduced: 3.6 × 10 for the sample at 90% RH. The values of the interdiffusion coefficients are much higher in the aqueous medium or the buried medium (in soil). For buried archeological Si-K-Ca medieval glasses (9 and 13th), Sterpenich et al. 47 have found a diffusion coefficient of around 1 × 10 -17 m 2 s -
1
. Few studies have measured interdiffusion coefficients of glass in atmospheric medium. Cummings et al. 48 have performed experiments on modern soda-lime glass samples at different temperatures (40, 70, and 90°C) and RH from 10% to 95% RH. By converting their data (hydration rate in μm h 0.5 ) in interdiffusion coefficient and roughly fitting the curve of D vs. RH by an exponential law, we could deduce the interdiffusion coefficients of 1.1 × 10 -21 m² s -1 at 70% RH and 1.7 × 10 -21 m² s -1 at 90% RH (at 40°C ). Then the activation energy was calculated at 70 and 90% RH, and the interdiffusion coefficients at 20°C were extrapolated using the Arrhenius' law on the Cummings' data. These coefficients are O + H 2 O) was subjected to H 2 O vapor at 100% RH for 2 weeks. One analysis was performed for each sample in the cross-section, on a 100 × 100 μm² area, covering the entire alteration layer Long-term weathering rate of stained-glass windows using L Sessegolo et al.
× 10
-22 m 2 s -1 at 70% RH and 2.5 × 10 -22 m 2 s -1 at 90% RH. These values are lower than the values in this study, as the glass composition is richer in silica and more durable, but the increase factor of the coefficients between 70 and 90% RH is 1.4, which is identical to the increase factor of this study between the same RH values. Furthermore, Gentaz 49 have exposed model glasses (whose composition is close to the old stained-glass windows of this study) in real atmosphere and in sheltered conditions in Paris. The alteration layer after 36 months is 1.2 μm, which corresponds to a diffusion coefficient of 1.2 × 10 -20 m 2 s -1 (using the Fick's law, Eq. (2)) for an average RH of 76% and an average temperature of 12°C. This short-term diffusion coefficient on model glasses is therefore slightly lower than the long-term coefficients found in this study due to the lower temperature, but they are in the same order of magnitude, demonstrating that the interdiffusion coefficients are similar at short and long-alteration term.
A last point is to determine whether D enrichment is really due to the interdiffusion during the experiment (between D + and K + / Ca 2+ ) and not due to isotopic exchange (between D + and H + ) in the hydrated layer already formed before the experiment (during the 650 years of atmospheric conditions). As previously mentioned, the morphology of some highly D enriched areas (red spots, Fig. 3f and S4 in the supplementary material) highlights the evolution of the pristine glass into a more porous and hydrated phase, which seems to indicate the progress of the modifier exchange with D + . Furthermore, EDS analyses were performed on an isolated islet inside the altered layer in order to measure the composition differences between the pristine glass; the islet core and 2 zones at the alteration front of the islet: one in the middle of the D enriched area and the other one at the same distance of the alteration front, but in the non-D enriched area (Points 1, 2, and 3 on Fig. 4c) . These analyses allowed verification that the core of this large glass islet (Point 3 on Fig. 4c ) has a composition very close to that of the pristine glass (PG, Table. 3). Furthermore, the D enriched zone shows a depletion in glass-modifier cations (Point 1 on Fig. 4c; Table 3 ) higher than the non-enriched zone just close to it (Point 2 on Fig. 4c ; Table. 3). The contents in K 2 O and CaO for point 1 are 5.4 and 7.9 wt.%, respectively, whereas for point 2, the K 2 O and CaO contents are 8.6 and 10.2 wt.%, respectively. This is accompanied by a relative increase of the SiO 2 content that is almost 8 wt.% higher for the D enriched zone, compared to the non-D enriched zone. The depletion in the modifier cations (K + , Ca 2+ , and Mg 2+ ) highlights that the interdiffusion process occurs between the deuterium and the modifiers cations, and not only by exchange between the deuterium and the hydrogen due to the hydration during the 650 years of the atmospheric exposure.
Finally, Verney-Carron et al. 50 have led the same experiment on EV1 sample with a light rain doped in D 2 18 O. They have also found D enrichments located at the pristine glass interfaces and have calculated a deuterium diffusion coefficient of 2.8 × 10 -18 m 2 s -1 using the Fick's law (Eq. 2). Therefore, it is possible to combine both the studies to calculate the rain and the vapor contributions (with the interdiffusion coefficient values determined in this study at 70 and 90% RH). From the Fick's law and considering that it is raining 6% of the time in Paris (548 h year -1 in average between 1961 and 1990 at Paris Montsouris, Meteofrance data), the rain contribution to the alteration thickness after 650 years is 66 μm and the vapor contribution ranges between 31 μm (for 70% RH) and 35 μm (for 90% RH). The total altered-layer thickness for 650 years of alteration is about 100 μm, in good agreement with real thicknesses observed in ancient samples (between 50 and 200 μm). 30, 33, 34 This also shows that the contribution of RH on the alteration thickness is significant and has to be considered. O mapping associated to each zone, and c, f are D/H mapping associated to the same zones. PG, pristine glass; AG, altered glass Long-term weathering rate of stained-glass windows using L Sessegolo et al.
In conclusion, this study yields insights into the progress of the alteration of medieval stained-glass windows in unsaturated media and demonstrates that it is mainly caused by an interdiffusion mechanism between H + (or D + ) and the glass modifiers. This long-term alteration rate is quantified and is expressed as an interdiffusion coefficient that is comparable to the short-term exposure values of the model samples. This can be explained by an important fracture network from the external surface to the alteration front, creating undoubtedly the major vector of liquid water in the rain events, but also a vector for water vapor. In addition, this study can be used to assess some pore network characteristics of a stained-glass window sample. Even if these results are not representative of the broad morphologies panel of the altered layers, they highlight the importance of the Fig. 4 a-c D/H NanoSIMS mappings of the OU2 sample exposed 2.75 months at 70% RH and d-f are the corresponding overlay by image processing on the SEM-BSE images. a, d are located at the pristine glass interface. b, c, e, and f are located in the middle of the alteration layer, with D penetration inside the isolated islets of low-altered glass. g, h are the overlays by image processing of the D/H mappings on the associated SEM-BSE images of two zones of the OU2 sample exposed for 14 months at 90% RH. In all these images, the green zones and rims correspond to the local highly D enriched areas with the D penetration inside the pristine glass. PG, pristine glass; AG, altered glass. It should be noted that the grayish edges in front of the enrichments in the pristine glass (images d, h especially) do not correspond to the hydrated zone, but to artifacts of the image processing. These edges are not present on the initial SEM images Long-term weathering rate of stained-glass windows using L Sessegolo et al.
total characterization of the pore network, giving access to the different diffusion processes associated. The case of atmospheric conditions is particularly complicated because it combines two water phases (liquid and gas) in the same system. Indeed, the liquid water does not depend solely on a rain episode soaking up the entire weathering layer, but also on the pore size and its distribution, which will create, depending on the relative humidity, the condensation of water. Therefore, the water diffusion mechanisms in the altered layer (pores and cracks) are mixed in unsaturated medium and have to be studied and combined in further works to properly define the actual diffusion rates of hydrogenated species up to the pristine glass.
MATERIALS AND METHODS

Glass samples
The studied stained-glass windows samples come from the Saint-Ouen Abbey Church in Rouen (OU2) and the Notre-Dame Cathedral of Evreux (EV1), both in the North of France. Fragments of these glasses were set aside during a restoration of the monuments in the 1960-1970's. They date from the 14th century and have therefore been weathered for more than 600 years by the atmospheric conditions. They have consequently developed very thick alteration layers. The composition of the pristine glass and the alteration layer was previously determined. 33 For OU2, on the external face, the altered layer is discontinuous in thickness and consists of large pits (up to 1 mm across and 230 μm depth 49 ). In addition, some pits exhibit a tree-like structure evolution, insulating some "islets" of the pristine glass in the altered layer. Furthermore, the crack network is highly developed and displays thin and dense cracks that are not filled with secondary phases. For EV1, the altered layer of the external face is continuous all along the surface. The crack network is composed of very large fractures filled with secondary phases (syngenite CaK 2 (SO 4 ) 2 ·H 2 O). A more complete description of the morphology and composition of pristine and altered glass is given in the Supplementary material S1.
Exposure experiments
The objective of these experiments was to study the role of the altered layer on the further alteration of the ancient stained-glass windows. Thus, pieces of OU2 and EV1 were exposed to a controlled atmosphere in climatic chambers. Three sealed boxes were partly filled with supersaturated saline solutions: K 2 SO 4 for 90% RH, K 2 CO 3 for 40% RH, and CH 3 COOK for 25% RH, at 20°C. 51 The relative humidity values achieved, measured using a Vaisala data logger, are 91.1 ± 3.0% RH, 40.9 ± 2.0% RH, and 28.8 ± 2.0% RH. The boxes were placed in a temperature-controlled chamber at 20°C ( ± 1°C). OU2 and EV1 stained-glass samples were exposed for different durations: 1 day at 90% RH, 2 months at 90, 40, 25% RH, 2.75 months at 70% RH, and 14 months at 90% RH. All samples were placed inside each box above, but not in contact with the saline solutions. In order to trace the water penetration and reactions sites in the altered layer, the water of the saline solutions was enriched in , respectively. Before and after analyses, the samples were stored in a desiccator (at 14% RH). Finally, some samples were altered in order to clarify the isotopic adsorption process inside the altered layer. Three OU2 samples were exposed for 2 weeks at 90% RH in D 2 18 O. The first sample was placed in a desiccator before the embedding and the ToF-SIMS analyses. The second sample was heated at 190°C in order to remove all the physically adsorbed water 38 for 2 h and directly embedded after the heating. The third sample was placed in a chamber at 100% RH in H 2 O vapor for 2 weeks after the doped vapor exposure.
Analytical techniques
After exposure, the samples were embedded in resin (Korapox®), polished (from grade P800 of SiC abrasive paper to the ¼ μm diamond powder, using ethanol), and coated with gold to allow cross-section observations. Microphotographs were acquired using a tabletop LV-SEM TM3030 Hitachi, a low-vacuum SEM equipped with energy dispersive spectrometer Quantax 70 EDS Bruker. An accelerating voltage of 15 kV in charge-up reduction mode has been used. O analyses, 10 min for D analyses) was applied to remove the gold coating and surface contamination, and to reach a steady state sputtering. 52 The data were expressed in the enrichment factor f(D) and f( 18 O) (see Eq. (3) and (4)). Uncertainties (at 1σ) were calculated using the propagation law combining the counting statistic (between 40 and 60 scans), and the standard deviation of the values obtained for different mappings on the same sample. Data processing was performed using the Limage software (L. Nittler, Carnegie Institution in Washington DC), and the enrichment values were obtained by selecting only the amorphous silica matrix of the altered layer. The areas of precipitated phases (mainly syngenite for EV1), the resin zones, the pristine glass, and the interfacial enrichments were all subtracted to obtain only the value of the amorphous silica phase.
ToF-SIMS analyses of D/H and 18 O/ 16 O were done with a ToF-SIMS 5 from IONTOF. Primary ion beam was generated from a bismuth source in burst mode (25 kV) to avoid hydrogen and 16 O detector saturation. Cs + (140 nA, 2 kV) were used for sputtering. Before each analysis, a presputtering was performed over an area of 300 × 300 μm 2 for 5 min to remove the palladium coating. Analyses (100 × 100 μm 2 ) were done with burst mode (6 pulses) for the oxygen isotopes analyses, and in burst-alignment mode for the hydrogen isotopes. All the analyses were carried out with a Cs + sputtering (for 1 s) between each scan of analysis, and a low energy (20 eV) electron-flooding gun was used to compensate positive charge due to the primary ion beam. The number of scans for one measurement varied between 515 and 620, and for each scan, the number of pixels was 256 × 256. Data were also expressed in enrichment factor. Uncertainties were calculated from errors on the Poisson correction applied on measurements (for dead time effects of the registration system). 53 Gravimetric measurements of H 2 O adsorption at 25°C were carried out using a device IGAsorp (Hiden Isochema). Two faces of a blank were polished to remove the altered layers. The polishing was done from grade P1000 to grade ¼ μm to remove any scratches that could enhance the surface adsorption of the glass. Between 0 and 93% RH, the blank gains 1% of its mass. This reference corresponds to the support bracket plus the sample (blank) whose two faces were polished. The specific surface of the blank was calculated using the BET theory and is negligible (0.2 m² g -1 ). The adsorption tests have only been carried out on an OU2 sample that contains few crystallized salts. Indeed, EV1 is constituted of many syngenites in the crack network, which has an important hygroscopic effect. Three tests were carried out: two to confirm the isotherm and one to assess the range of RH values, in which BET theory (monolayer adsorption) is linear. The adsorption durations for each RH step were long enough to reach the weight gain equilibrium, before moving to the next RH step (see Supplementary material S2). The uncertainty threshold of the mass variation was 5%. Uncertainties on the calculated specific surface area are relatively high due to the important standard deviation of the PG, pristine glass, AG, altered glass. Points 1, 2, and 3 are associated with the three analyzed zones on the Fig. 4c . Point 1 is on the D-enriched zone, point 2 is close to point 1, but not D-enriched, and point 3 is located in the core of the low-altered glass islet
craters thickness and of the density that increases the uncertainty on the alteration layer mass. It is important to note that the calculated specific surface area corresponds to the BET application of monomolecular adsorption layer on a partially dehydrated initial pore surface because the OU2 sample has been pre-treated by storage and heat at 60°C for 1 week. However, these conditions are closer to adsorption in real atmospheric conditions, and avoid the increase of cracks, the destabilization of the alteration layer, and in particular, of the pore network, due to high temperature. Finally, the overlay of the NanoSIMS mapping and SEM images was accomplished by image processing software, in which the layers were merged in the subtraction mode, and to specific color desaturations to bring out only interfacial enrichments and not the silicate matrix (of the PG or AG). The resulting maps were fitted to SEM images using precise landmarks (such as low-altered glass islets or highly enriched spots) that coincide between the mappings and the images.
Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable request.
